Background: Transradial artery (TRA) left heart catheterization is an increasingly used technique for both diagnostic and interventional coronary procedures. This study evaluates the incidence of access site complications in the current interventional era. Methods and results: A total of 507 procedures were performed under standardized conditions. Each procedure was performed using high levels of anticoagulation, hydrophilic sheaths, and short post-procedural compression times. Vascular complications were assessed one day after TRA catheterization using Duplex sonography and classified according to the necessity of additional medical intervention. A simple questionnaire helped identifying upper extremity neurologic or motor complications. Vascular complications were detected in 12 patients (2.36%): radial artery occlusion was detected in 9 patients (1.77%), 1 patient developed an AV-fistula (0.19%), and 2 patients had pseudoaneurysms (0.38%). None of the patients required specialized medical or surgical intervention. Under our procedural conditions, small radial artery diameter was the only significant predictor for the development of post-procedural vascular complications (2.11 ± 0.42 mm vs 2.52 ± 0.39 mm, p = 0.001). None of the previously reported risk factors, namely, advanced renal failure, diabetes, acuteness/complexity of procedure, or sheath and catheter size significantly influenced the rate of vascular complications. No major hematoma or local neurologic or motor complications were identified. Conclusions: Using current techniques and materials, we report a very low rate of local complications associated with TRA catheterization.
Introduction
Transradial artery (TRA) left heart catheterization is an increasingly used technique for both diagnostic and interventional coronary procedures due to a low incidence of major access site related complications (e.g. bleeding) [1] [2] [3] [4] . Additional advantages of TRA catheterization include improved patient comfort and early ambulation, which may shorten the length of hospital stay and reduce healthcare costs [1, 4] . However, complications due to TRA cardiac catheterization have been reported and are related to the small diameter of the radial artery, the tendency of the radial artery to spasm, and anatomic anomalies.
One of the most common complications after TRA catheterization is radial artery occlusion (RAO), however, this is usually asymptomatic due to the redundancy of the hand circulation [5] . Since the TRA route has been adopted as standard for cardiac catheterization in some European countries, as well as in Japan, and China [6] , recognizing the complications of TRA catheterization is of importance as they may impact the ability to perform repeat TRA catheterizations, the use of the vessel as a potential bypass graft, and the creation of a vascular shunt if permanent dialysis is ever needed [7] . RAO can be identified using plethysmography or Doppler ultrasonography. It has been estimated to affect from 1.5% to up to even 30.5% of the patients that had a TRA catheterization [5, [8] [9] [10] . RAO starts as a thrombotic occlusion of the artery lumen [11] , and in many cases the radial artery recanalizes spontaneously [8, [12] [13] [14] ; however propagation to arterial lumen fibrosis is possible [7, 15] .
Several factors that predispose patients to develop RAO have been described. Among some of the procedure-related factors are prolonged cannulation times [16] , intensity of anticoagulation [13, 17] , hypotension during compression, and complete vessel occlusion during postprocedural care [18, 19] . Patient-and disease-related factors that may predispose to the development of RAO include diabetes [8, 12, 19] , peripheral arterial disease [14] , smoking [10] , low body weight [8] , and small radial artery diameter [8, 12, 18] . The radial artery diameter is thought to be most important relative to the size of sheath and the catheter. With a radial artery diameter to sheath diameter ratio of b1, a higher incidence of RAO has been reported [8, 12, 20] . This may explain why some studies reported that RAO was observed more frequently in women, who generally have radial arteries of smaller diameter and a greater predisposition to vessel spasm [8, 14, 21] .
In addition to the development of RAO, other vascular complications of TRA catheterization include minor hematoma [10, 22] , artery perforation [23] , endothelial dysfunction [7, 15] , and pseudoaneurysm [14] . Complications such as arteriovenous fistulas (AV-fistula) and radial artery avulsion during sheath removal [14] , as well as minor nerve damage and complex regional pain syndrome of the upper limb are rare [24] [25] [26] . A few instances of hand ischemia have been reported [16, [27] [28] [29] .
The wide range of rates of complication may be secondary to differences in the experience of the interventional cardiologist as well as differences in technical equipment, anticoagulation strategy, postprocedural care, and methods used to assess for RAO. The goal of this study was to evaluate, in the current era of anticoagulation, sheath and catheter techniques, the incidence of RAO and other vascular complications in an institution, which performs a high volume of TRA cardiac catheterizations and has standardized post-procedural care. To increase the sensitivity of detection, both clinical examination and Duplex ultrasound were used. Additionally, this study determined the incidence of upper extremity neurologic and motor complications in patients post TRA catheterization. Factors potentially involved in the development of vascular and upper extremity neurologic or motor complications were also investigated.
Methods

Patients
This single center, observational study was performed in accordance with the Declaration of Helsinki and was reviewed by the Ethics Committee of the Medical Practitioner Board, Thüringen, Germany.
Consecutive patients of both sexes, undergoing diagnostic and/or therapeutic TRA cardiac catheterizations between February and July 2015, were enrolled. Patients with stable coronary artery disease and with acute coronary syndrome (ACS) were both studied. The included patients had to be older than 18 years of age, had to give informed consent, and had to have intact, palpable radial pulses. Patients with known chronic RAO, absent radial artery pulse, or upper extremity lymphedema were excluded.
Patients were asked to give permission to use their data in accord with current German Data Protection Policy.
TRA catheterization procedure
After sterile preparation and local anesthesia with 2% lidocaine, the right radial artery was cannulated using a modified Seldinger technique, puncturing the anterior vessel wall. Only 5Fr and 6Fr hydrophilic sheaths (Radifocus® Introducer II, Terumo, Japan), or in some cases 7.5Fr (for CTO and rotablation) sheathless guiding catheters (Asahi Intecc, Aichi, Japan) were used. After sheath insertion, 0.3 mg to 0.5 mg nitroglycerin and 2500-5000 IU heparin were injected gradually through the sheath into the radial artery. During the procedure, the doses of nitroglycerin, antithrombotic drugs (aspirin, P2Y 12 , or GPIIb/ IIIa inhibitors) and heparin were adjusted depending on the type of procedure, bodyweight, and previous anticoagulation profile of the patient in keeping with current guidelines. ACT measurements were performed as needed. Immediately after completion of the procedure and radial sheath removal a sterile folded cotton pad was put on the puncture side. On top of this, a hand-rolled-cotton pad was affixed with tape and then tightened with a cohesive elastic bandage (Peha-haft®, Hartmann, Germany) (Figs. 1-3 Supplementary Data). After 3 h, the tight bandage was completely removed and then another Peha-haft bandage was affixed loosely until the morning. Patients were completely mobile during this period. Each patient received between 20 and 60 mg enoxaparin, adjusted according to bodyweight and previous anticoagulation profile, 5 to 10 h post-procedure.
Extraction of patient data from records
The following information were prospectively extracted from the patient records: anthropometric data, current medications, past medical history (focused on cardiac, renal, and upper extremity orthopedic disorders), as well as procedure related such as indication for the current catheterization, history of prior transradial cardiac catheterizations, and any associated complications, medication, sheaths and catheters used during the current procedure. From the laboratory studies routinely made prior to cardiac catheterization, glomerular filtration rate (GFR calculated according to CKD-EPI) were recorded. For subjects taking oral anticoagulants (OACs), the type and time of the last dose were recorded.
Hematoma examination
The presence of any hematoma on the arm used for TRA catheterization was recorded and classified according to the necessity of additional medical intervention.
Ultrasound examination of the radial artery
Radial artery patency was verified in each patient by Duplex ultrasonography. Pulse-wave Doppler, plus the standard B-mode and color flow Doppler were performed using a portable MicroMaxx SonoSite ultrasound system (Sonosite Inc., Bothell, WA, United States) with a 7.5 MHz transducer. The procedure was performed the following morning, 10 to 27 h after TRA cardiac catheterization depending on the time of the procedure. First, the presence of a palpable pulse was tested. Then the distal radial artery was visualized in longitudinal scan. To avoid measuring artefacts, the transducer was kept at a 60°angle to the artery, and all measurements were performed by a single investigator. Peak systolic flow was measured proximal and distal to the puncture site. Normal blood flow was indicated by a triphasic or biphasic flow. To exclude the possibility of a proximal occlusion, blood flow was assessed up to the brachial artery bifurcation.
Neurological and motor assessment
A simple questionnaire directed at helping to identify pain, unusual sensitivity, or limitations in the use of the hand that could correlate to an upper extremity neurologic or motor complication post-TRA catheterization was administered to the patient. The questionnaire was completed prior to the ultrasound examination.
Statistical analysis
Descriptive data were provided for all patients. Mean, standard deviation, median, minimum and maximum were used to characterize metric variables. Categorical variables were described using absolute frequencies and 95% confidence intervals (CI). Odds ratios (OR) were calculated to quantify the association of a given variable with postprocedural radial artery complications. Fisher's exact test was used to test the null hypothesis that a categorical variable was not associated with complications. The Mann-Whitney-U Test was used to test whether patients with versus patients without complications differed in a metric variable, respectively. The number of patients with vascular complications that needed additional medical attention was too low for a meaningful multivariate analysis. Statistical relevance was accepted with a two-sided p b 0.05.
Results
During the study we followed 481 (507 procedures) out of 490 patients (520 procedures), 9 patients being lost due to unsuccessful first catheterization attempt and use of an alternative access site. Out of 481 patients, 25 patients had more than one intervention. Due to unfavorable anatomy, vasospasm development, or unsuccessful puncture in 19 procedures (3.6%) an alternative access site was used (for 14 patients the contralateral radial site and for 5 patients the femoral site), and 2 patients received no further catheterization during the current study. Thus, only 7 patients out of 490 (1.4%) could not receive a transradial cathetherization.
Local vascular complications
Vascular complications that needed further medical investigation were detected in 12 patients with an overall incidence of 2.36%. RAO was detected in 9 patients (1.77%), whereas 1 patient developed an AV-fistula (0.19%), and 2 patients developed pseudoaneurysm (0.38%). Of note, 7 patients with RAO were clinically asymptomatic, 1 patient had no radial pulse, and 1 patient had increased pain with the application of compression ( Table 1) . Five of these patients developed a minor hematoma. None of the patients needed surgery or special medical intervention. In the case of the patients with pseudoaneurysm, 1 patient developed a hematoma and moderate pain and 1 patient was asymptomatic. In both cases, with targeted compression, the pseudoaneurysm closed after 1 and 5 days, respectively. Clinically, only the patient with AV-fistula had signs of dysfunction characterized by increased pain, limited wrist motion and very large hematoma. However, no further clinical intervention was required in this case. Interestingly, in 11 out of 12 patients who developed vascular complications, the radial artery pulse was still palpable, three of them having retrograde arterial blood flow at the wrist level confirmed by ultrasound.
Patient characteristics and procedural data of patients with and without vascular complications are listed in Table 2 (metric parameters) and Table 3 (categorical parameters) and were compared with regard to possible risk factors. Small radial artery diameter was a strong predictor of development of post-procedural vascular complications (2.11 ± 0.42 mm in patients with vascular complications vs. 2.52 ± 0.39 mm, p = 0.001), whereas other factors such as multimorbidity (severe chronic kidney disease, diabetes), acuteness and complexity of the procedure, sheath and catheter size, or use of OACs on the intervention day, had no statistically significant effect on the rate of vascular complications.
The most common local vascular complication was a minor hematoma mostly localized at the puncture site. All factors that significantly contributed to the development of minor access site complications are found in Table 4 (metric parameters) and 
Local motor and/or neurologic complications
There were no major local, post-interventional motor or neurologic complications. In 32 post-procedural questionnaires (6.3%) patients reported pain in the arm on the following day. However, they did not need any additional medical intervention. Pain was reported by 10% of the women and 4.3% of the men participating in the study (OR 2.48, 95% CI 1.20-5.15, p = 0.013) and was associated with a small radial artery diameter (2.39 ± 0.45 mm vs 2.5 ± 0.39 mm, p = 0.018). Transient post-procedural hand/arm swelling was observed in 21 patients (4.1%), most likely due to the temporary tight post-procedural compression. Swelling developed in 7.8% of women and 2.1% of men (OR 3.86, 95% CI 1.51-9.86, p = 0.004) and was associated with the use of 6Fr size radial sheath (OR 2.63, 95% CI 1.04-6.66, p = 0.043).
Motor limitations developed in 8 patients (1.6%) and were mostly correlated with swelling of the arm due to tight post-procedural compression. Additionally, 11 patients (2.2%) reported formication in the hand and 4 patients (0.8%) felt the hand to be warmer than usual.
Discussion
In many cardiac catheterization centers, TRA catheterization is preferred over transfemoral catheterization due to its lower incidence of post-interventional complications, especially bleeding [1] [2] [3] [4] . However, concerns regarding unknown or potentially high rates of access site complications still generate debate.
Previous studies report a wide range of vascular complication rates from 1.5% to 30.5% [5, [8] [9] [10] . Using current techniques and materials, we report here a very low access site vascular complication rate (2.36%) within 24 h after TRA catheterization. This is due in part to our extensive experience of selecting materials for compression and of testing different sheaths and catheters. Importantly, we have also standardized our procedural and post-procedural regimens so that there has been an optimal adjustment of parameters known to influence the rate of complication development, particularly the degree of anticoagulation, reduction of tight compression time to 3 h, and postprocedural administration of enoxaparin. Under our conditions, the only significant risk factor for the development of vascular complications was radial artery diameter. In this study, patients with radial artery diameters b 2.1 mm had a higher rate of post-procedural complications. Renal failure and the acuteness of the procedure may also play a secondary role in the development of complications, but were not statistically significant here. Interestingly, anticoagulation, sheath and catheter size and complexity of procedure did not influence at all the vascular complications rate. Spaulding et al. (1996) have shown that a significant decrease in the incidence of RAO correlated with more aggressive anticoagulation; whereas, other studies have shown no effect or only protective trends when N 2500 IU heparin was used [9, 13, 22] . This is in agreement with our study in which we observe no influence of heparin on vascular complication development rate when N2500 IU is used. However, Kelm et al. (2002) have shown an increased risk for developing AV-fistula at the femoral access site when N 12.500 IU heparin or when warfarin was used. This might suggest an upper limit to the beneficial effects of anticoagulation [30] . Our anticoagulation regimen is standardized and consists of procedural anticoagulation with 2500-12,500 IU heparin depending on the type of procedure, bodyweight, and previous anticoagulation profile of the patient, followed by post-procedural anticoagulation with 20-60 mg enoxaparin. However, our results suggest that supplementation with OACs on the catheterization day do not influence the rate of vascular complications. The important role of sheath and catheter size in the development of access site complications was described by several studies [8, 12, 14, 20] . Under our procedural conditions, sheath and catheter size did not affect the incidence of vascular complications, similar to the findings reported by Markovic et al. [22] . In addition to optimal anticoagulation, we used the more recent generation of hydrophilic, polymer-coated sheaths, which are reported to reduce the incidence of radial artery spasm, reduce shear stress to the vessel wall by requiring less force to remove than identical uncoated sheaths, and are associated with less discomfort for the patient [31, 32] . As alluded to above, of critical importance in the reduction of access site vascular complication rate was also the post-procedural care. Thus, the tight compression time in our department is only 3 h and is followed by light compression until the next morning. This not only prevented the occlusion of radial artery as previously reported [18, 19] , but also allowed patients to remain mobile. This eliminated the discomfort caused by commercial TR bands and pulse plethysmography, which additionally demand patient cooperation.
It is important to note that only 1 out of 12 patients who developed vascular complications did not have a palpable pulse and that only 1 patient could be identified with an AV-fistula based on clinical examination (symptoms, palpation, and auscultation). Thus, 4 patients were totally asymptomatic, and 6 patients had clinical symptoms similar to patients without radial artery injury. Thus, under typical conditions, only two of these 12 patients would have received a Duplex ultrasound investigation. Thus, it is easy to appreciate the difficulties in quantifying a vascular complication rate if no ultrasound analysis is used and could explain the broad range of reported complication rates. The implication of this finding is very important since early identification of pseudoaneurysms and AV fistulas is critical for their management, and repeated transradial catheterization in patients with RAO can be avoided. Thus, we recommend routine clinical examination and use of Duplex ultrasound as part of post-procedural care, or, if not possible, at least when one of the following is present: subjective clinical symptoms reported by the patient (pain, motor impairment, hand/arm swelling), absence of pulse, bruits heard on auscultation, or minor hematoma.
The most common complication documented in our settings was minor hematoma. Minor hematomas and transient post-procedural hand swelling were recorded in 33% and 4.1% of the patients, respectively. Thus, we documented a higher incidence of hematoma than previously reported [10, 33] . However, a direct comparison is difficult since in these prior studies hematoma development was investigated in a follow-up 30 days post-procedure and minor hematoma was defined as the need for 1 U of blood or modification of antiplatelet therapy. None of our patients required blood transfusions or alterations of their medication regimen since all of the hematomas recorded here were minor bruises that resolved spontaneously. Increased age, female gender, impaired renal function, coronary artery disease, and procedural factors such as interventions, longer procedural duration, stronger heparinization, increased size and number of radial sheaths, and increased catheter size were identified as risk factors for developing hematoma. Using a standardized radial approach and similar criteria for defining minor hematoma as in the present study, Markovic et al. (2015) observed minor hematoma in 16% of patients. However, this did not correlate with sheath size, need for secondary compression, or use of dual antiplatelet therapy or oral anticoagulation, possibly due to the smaller sample size used in that study. Finally, we did not observe any major local neurologic or motor complications. Pain was reported by 6.3% of the patients, was more frequent in women, and was associated with a smaller radial artery diameter. None of the patients needed additional medical care or analgesic drugs. Similarly, transient post-procedural hand/arm swelling was identified in 4.1% of the patients, being more frequent in women and when 6Fr radial sheaths were used. Few instances of motor limitations (1.6%), hand paresthesias (2.2%), and hyperthermic perception of the "injured" arm (0.8%) were also reported.
In summary, our results suggest that the overall upper extremity vascular and neurological complication rate of TRA catheterization is quite low and that the complications are not severe. We did find that small radial artery diameter was associated with an increased rate of vascular complications and with the development of minor neurologic and/or motor complications. This should perhaps be kept in mind when patients with a smaller body habitus undergo TRA left heart catheterization.
Conclusions
In this prospective ultrasound-based study, we report a very low rate of local post-procedural vascular complications, no major hematoma, and no major local neurologic or motor complications associated with TRA cardiac catheterization at our high volume center using current techniques and guidelines. We found that a radial artery diameter of b2.1 mm was a risk factor for local vascular complications. Other risk factors found in earlier studies, such as renal failure, diabetes, emergent catheterization, sheath size, and oral anticoagulation were at most trends here.
These findings suggest that TRA left heart catheterization in the current interventional era is a very safe procedure.
Limitations of the study
There are limitations in the design of this study. This is a single center prospective study so one cannot exclude the possibility of a bias. No ultrasound measurements were performed before the TRA catheterization, thus the status of the radial artery pre-and postcatheterization could not be compared. Ultrasound measurements were done 10-27 h post-catheterization and no later follow-up was done. Thus, we cannot comment on recanalization of the occluded artery at a later time point or exclude the possibility of the development of later complications. The inability or refusal of some patients hospitalized in the intensive care unit to give consent for participation in the study also may have led to a lower number of acutely treated patients being included in the study. Finally, given that we had a very low number of complications, the statistical power may have been too limited to demonstrate some associations that actually exist.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ijcha.2016.12.003.
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